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ABSTRACT 
 
 
 
 African marigold (Tagetes erecta L.) was screened for tolerance to 
preemergence and postemergence herbicides.  Three preemergence herbicides, 
pendimethalin, bensulide, and trifluralin, had an acceptable margin of crop safety both in 
the greenhouse and in the field when applied at one, two, and four times their labeled 
rates.  Two postemergence herbicides, topramezone and encapsulated acetochlor, 
caused minimal visual injury to the crop and encapsulated acetochlor had a minimal 
effect on plant dry weight.  Dry weight response to topramezone varied among 
experiments.  Additional studies were conducted to better define African marigold 
tolerance to topramezone.  African marigolds tolerated rates up to 36.8 g topramezone 
ha-1.  Visual injury five days after application (DAA) was 3.1 or less (one to nine scale) 
for plants treated with the label rate, 18.4 g ha-1, or less of topramezone.  Fifteen DAA, 
injury was no longer evident.  Applications of 73.7 g ha-1 and greater caused visual 
ratings exceeding 3.5 at the five day evaluation and eventually resulted in plant death.  
Topramezone and acetochlor were applied in a tank mix to African marigold in the 
greenhouse and in the field.  In the greenhouse, visual injury was 4.6 or less seven DAA 
and plants made a full visual recovery by 15 DAA.  In the field, visual injury was 3.3 or 
less one week after application (WAA).  Plants treated with 18.4 g ha-1 topramezone 
recovered by three WAA, other visual injury was less than 2.7.  Data from both studies 
indicated minimal injury and rapid visual recovery of treated plants.  A study observing 
crop response to topramezone application when African marigold was grown in 
pendimethalin treated soils indicated that pendimethalin did not affect topramezone 
viii 
tolerance.  A tank mix of topramezone with the insecticide malathion was evaluated to 
determine if tolerance of African marigold to topramezone is achieved through 
differential metabolism involving cytochrome P450.  Five and 15 DAA, malathion 
caused no increase in visual injury (P = 0.3986 and P = 0.1315).  This indicates African 
marigold tolerance to topramezone is probably due to a selectivity mechanism other 
than cytochrome P450 based metabolism.
1 
CHAPTER I: GENERAL INTRODUCTION 
 
Introduction 
African marigold, Tagetes erecta, is a member of the Asteraceae family.  
Vegetative growth consists of opposite, pinnately compound leaves with dentate 
margins, reaches approximately 30 to 90 cm height, and branches 15 to 30 cm 
horizontally (Gilman and Howe 1999).  Although it is an annual, African marigold may 
produce up to three harvestable flushes of flowers in a single growing season (N. Cloud 
personal communication).  Ray flowers may be orange, yellow, or golden in color.   
African marigold is the major source of lutein for commercial uses.  In 2010, 
lutein occupied a $233 million share of the worldwide carotenoid market (BCC Research 
2011).  Lutein is a xanthophyll, a type of carotenoid, found in ray flowers of marigolds.  
Deeper flower pigmentation indicates greater lutein content, thus marigold hybrids 
produced for lutein production are typically deep orange in color (Lin et al. 2014).  
Hexane extraction methods are commonly used to obtain lutein from marigold flowers.  
The extraction process produces a thick, goo-like substance known as an oleoresin (N. 
Cloud personal communication). Oleoresins are naturally occurring, plant-produced 
compounds containing an essential oil and a hydrocarbon resin.  Lutein obtained from 
xanthophyll rich marigold oleoresins has long been used as a food colorant.  A new 
commercial use for lutein is as a supplement for eye health (Fernández-Sevilla et al. 
2010).  Lutein from the human bloodstream is sequestered in the retina where it may  
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serve a protective purpose (Fernández-Sevilla et al. 2010).  In the eye, lutein filters 
harmful blue light and acts as an antioxidant by quenching radicals and inactivating 
single oxygen molecules (Fernández-Sevilla et al. 2010). 
Current weed control in field-grown African marigold relies on mechanical 
cultivation and hand weeding (Fennimore and Doohan 2008).  As the demand for lutein 
rises, the high cost of labor-intensive African marigold production is prohibitive and 
alternative lutein production strategies are being investigated.  Researchers at the 
University of Almería in Spain proposed microalgae as a new lutein source (Fernández-
Sevilla et al. 2010).  Microalgae production is far less labor intensive than marigold 
production; however, it is highly technology dependent (Fernández-Sevilla et al. 2010, 
Lin et al. 2014).  In order to compete with cost of microalgae-produced lutein, methods 
of mechanization must be developed to simplify marigold cultivation (Bhat et al. 2012). 
Herbicides provide a cost-effective means of weed control that greatly reduces 
labor requirements during crop production (Bhat et al. 2012).  Herbicide manufacturers 
are primarily interested in registering herbicides for use on crops that are grown on 
large acreages; thus, few chemical options are available for minor use crops.  The IR-4 
program was initiated to assist in generating data required for registering pesticides on 
crops where the manufacturer has limited interest due to small acreages (“Minor crop 
pest management (IR-4)” 2007).  Budget restraints for the IR-4 program limit the 
number of projects they can undertake, thus there is intense competition among 
producers of minor crops to have IR-4 conduct residue trials required for registering a 
new use of a pesticide.  Before IR-4 will undertake a project, the utility of a pesticide on  
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the crop must be demonstrated.  The objective of this research project was to identify 
herbicides that will provide selective weed control in African marigolds, therefore 
allowing production of this crop to move from overseas to the United States. 
The first chapter of this thesis describes experiments that determine tolerance of 
African marigold to selected preemergence and postemergence herbicides.  In order to 
modernize African marigold production, it is essential to identify herbicides that can be 
used for selective weed control in this crop.  The second chapter of this thesis describes 
experiments that further investigate tolerance of African marigold to topramezone, the 
primary candidate for postemergence weed control in African marigold. 
  
4 
Thesis Organization 
  This thesis is organized as two chapters.  The first chapter is entitled “Screening 
of Herbicides for Selective Weed Control in African Marigold (Tagetes erecta)”.  The 
second chapter is entitled “African Marigold (Tagetes erecta) Response to 
Topramezone”.  Included in each chapter is an abstract, introduction, materials and 
methods, results and discussion, conclusions, references, tables, and figures.  These 
chapters are preceded by a general introduction and followed by a general conclusion.  
Additional tables may be found in the appendix. 
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CHAPTER II:  SCREENING OF HERBICIDES FOR SELECTIVE WEED CONTROL IN 
AFRICAN MARGIOLD (TAGETES ERECTA) 
 
 
 
Abstract 
 
 Experiments were conducted to determine tolerance of African marigold to 11 
preemergence and 16 postemergence herbicides.  Each preemergence herbicide was 
applied at one, two, and four times the labeled rate.  A one to one mix of commercial 
potting mix and field soil was used for evaluating preemergence herbicides.  The 
growing media was placed in 1270 cm3 trays and then 12 marigold seeds were planted 
approximately 0.75 cm deep.  Herbicides were sprayed on the growing media surface 
and then moved into the profile by evenly applying an equivalent of 1.3 cm rainfall over 
the entire surface of the tray.  Injury ratings and emergence counts were taken for 
approximately 15 days after planting (DAP).  Preemergence experiments included six 
replicates and were repeated twice.  Postemergence herbicides were applied to two 8 to 
13 cm tall marigold plants grown in commercial potting mix placed in 10.2 cm diameter 
plastic pots.  Postemergence experiments used four to six replications and with the 
exception of four herbicides, were replicated twice.  Injury ratings began five days after 
application (DAA) and concluded approximately two weeks after application.  A scale of 
one to nine was used, with one indicating no injury and nine indicating plant death.   
In greenhouse studies, unacceptable emergence resulted from EPTC, oxyfluorfen, 
acetochlor, and napropamide applications.  High levels of injury were also observed 
following applications of oryzalin, EPTC, oxyfluorfen, acetochlor, encapsulated 
acetochlor, napropamide, pyroxasulfone, and S-metolachlor.  Pendimethalin, bensulide, 
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and trifluralin applied preemergence and topramezone and encapsulated acetochlor 
applied postemergence resulted in crop visual injury of 3.0 or less and 3.9 or less for 
preemergence and postemergence herbicide applications, respectively.  Visual injury of 
3.3 or less was observed in preemergence field trials.    
 
Introduction 
 
There is relatively little information available regarding herbicides that could be 
used during African marigold production.  Adamson and Crossley (1968) screened 
selected species of spring-planted annual flower transplants, including African marigold, 
for tolerance to five preplant incorporated herbicides.  Diphenamid at 4.5 and 9 kg/ha 
provided the highest level of weed control of the herbicides.  The other herbicides 
provided unacceptable levels of control.  Herbicide tolerance by the flowers was 
measured using plant height.  When compared to the control, 49 cm, African marigolds 
treated with trifluralin ranged from 49 cm to 52 cm.  African marigolds treated with 
diphenamid were approximately 10 cm shorter than the control.  The authors concluded 
that preplant incorporated herbicides were a functional form of weed control in annual 
flower production using transplants.  Trifluralin showed the most promise for consistent 
weed control without substantial crop injury.  Different results may occur when marigold 
seed is sown directly into the treated soil.  Further research will need to be conducted to 
determine if the preplant herbicides negatively affect germination and growth of African 
marigolds.  
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Bhat et al. (2012) evaluated pendimethalin ([n-(1-ethylpropyl)-3,4-dimethyl-2,6- 
dinitrobenzenamine)) and oxyfluorfen (2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-
(trifluoromethyl)benzene) for preplant weed control in African marigold.  Pendimethalin 
was applied at rates of 1.0, 1.5, and 2.0 kg ha-1 and oxyfluorfen was applied at rates of 
0.25, 0.50, and 0.75 kg ha-1.  Seedlings were transplanted into the treated areas three 
days after herbicide application.  Oxyfluorfen provided greater weed control and 
reduction in weed dry weights than pendimethalin.  The researchers also reported that 
oxyfluorfen at rates of 0.50 and 0.75 kg ha-1 as a preplant herbicide enhanced African 
marigold growth, flowering, and yield in addition to providing sufficient weed control 
(Bhat et al. 2012).  Researchers attributed the increase in crop plant size to increased 
root growth as well as decreased mechanical injury and decreased early season weed 
competition. 
Hurt and Vencill (1994) screened African marigolds for tolerance to imazethapyr 
as a part of their evaluation of Cyperus rotundus and Cyperus esculentus control in 
landscapes containing both woody and herbaceous plants.  The marigolds were 10 cm 
in height when treated with imazethapyr at rates of 7 and 14 g ha-1.  These rates 
resulted in 37% and 33% height reduction and visual injury of 15 and 20%, respectively.  
Imazethapyr was determined not to be a viable candidate for weed control in cultivation 
of African marigold. 
Hatterman-Valenti et al. (1995), Busey et al. (2003), and Hatterman-Valenti and 
Mayland (2005) evaluated the effects of growth regulator herbicides applied to African 
marigold at low rates comparable to those that might result from off-target drift.  These 
rates caused plant injury levels of up to 73% and reduced flowering up to 99% 
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(Hatterman-Valenti et al. 1995).  Volatiles from ester formulations of phenoxy herbicides 
caused severe injury to marigolds in enclosed environments (Busey et al. 2003).  Rates 
of 0.05, 0.10, and 0.20X of dicamba, 2,4-D, and premixed 2,4-D + mecoprop + dicamba 
caused injury to African marigold up to four weeks after the plants were sprayed 
(Hatterman-Valenti and Mayland 2005).  These results suggest that growth regulator 
herbicides are not a potential candidate for postemergence weed control in African 
marigold. 
The primary objective of this study was to identify herbicides safe for use in 
commercial production of African marigold.  Our hypothesis was that African marigold 
tolerance would vary among herbicides and that crop injury would increase as herbicide 
rate increased. 
 
Materials and Methods 
African marigold was screened for tolerance to 11 preemergence herbicides 
representing four herbicide groups (WSSA) and 16 postemergence herbicides 
representing seven herbicide groups in the greenhouse. 
 Preemergence greenhouse trial experimental units were 1270 cm3 trays 
measuring 12 cm x 16.5 cm x 6.4 cm.  Each tray was lined with a paper towel and then 
filled with 600 ml of a one to one mix of commercial potting medium and field soil.  
Twelve untreated African marigold seeds were placed on the soil surface in an evenly 
spaced, grid pattern with seeds spaced at approximately 2.5 cm.  Seeds were covered 
with an additional 100 ml of the growing medium resulting in an approximate 0.75 cm 
planting depth. 
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 Herbicides were sprayed on the growing media surface with a laboratory track 
sprayer using a spray volume of 187 L ha-1.  Following application, herbicides were 
moved into the soil profile by uniformly applying 250 ml of water per tray, the equivalent 
of 1.3 cm of rainfall.  Following initial watering, subsequent irrigation was achieved 
through capillary mats.  All herbicides were applied at one, two, and four times the 
labeled application rate (Table 1) and each experiment included six replications.  Injury 
ratings and emergence counts were taken for approximately 15 DAP.  Chemical names 
of preemergence herbicides are provided in the Appendix (Table 38).  Injury ratings 
were on a scale of one to nine where one indicated no injury and nine indicated plant 
death. 
 For screening of EPTC, 350 ml of the growing medium was placed in a paper 
towel lined tray.  An appropriate quantity of diluted EPTC was then added to a bag 
containing 250 ml of the growing medium.  The bag was shaken to distribute the 
herbicide throughout the medium, and then the growing medium was placed in flats as 
previously described to achieve an approximate 0.75 cm planting depth.  Watering was 
conducted in the same manner as with the other trays. 
 Following greenhouse trials, four preemergence herbicides were selected for 
field studies.  Preemergence field trials were established 20 May 2014.  Two of these 
herbicides, bensulide and trifluralin, required tillage for incorporation after application to 
the soil surface.  Separate experiments were conducted for preplant incorporated and 
surface-applied preemergence herbicides. 
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 Field trials were conducted in a randomized complete block design with four 
replications at a farm near Kelly, Iowa.  Soils were primarily of the Clarion, Nicollet, 
Webster soil series.  Preplant incorporated herbicide plots were staked and flagged 
prior to spraying.  Bensulide was applied at 5.6, 11.2, 22.4 kg ha-1 and trifluralin was 
applied at 0.4, 0.8, and 1.7 kg ha-1.  After spraying, stakes were removed to allow 
herbicide incorporation with a tandem disk.  Following incorporation, plots were re-
staked and coated African marigold seed was planted at a population of 117,620 seeds 
per hectare with a four-row John Deere planter (N. Cloud personal communication).  
The seed coating facilitated planting with a commercial row crop planter (N. Cloud 
personal communication).  Preemergence herbicide plots were planted as previously 
described and then sprayed with pendimethalin at 0.5, 1.0, and 2.1 kg ha-1 and an 
encapsulated acetochlor formulation1 at 1.3, 2.6, and 4.1 kg ha-1.  Seed had germination 
of 89% in lab conducted warm germination tests (N. Cloud personal communication).  
Plots measured 3.0 m by 10.2 m and a 2.1 m swath was sprayed using a backpack 
sprayer at the equivalent of 187 liters per hectare.  Within 24 hours of establishing the 
experiments, a rainfall event of approximately 10 cm occurred causing significant soil 
movement within the experimental area.  Stand counts and injury ratings were obtained 
from the center two rows of each plot.  Stand counts began one week after emergence 
(WAE) and injury ratings began two WAE.  Data collection concluded five WAE. Injury 
ratings were on a scale of one to nine where one indicated no injury and nine indicated 
plant death. 
                                                 
1 Warrant® Herbicide, Monsanto Company, St. Louis, Missouri 
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 A second preemergence field study was established 13 June 2014.  
Encapsulated acetochlor treatments were eliminated due to high injury in the initial field 
study.  Three herbicides, (trifluralin, bensulide, and pendimethalin), were applied at one, 
two, and four times the labeled rate in a randomized complete block design with four 
replications.  Plots were sprayed as previously described.  One pass was made across 
all plots with a rotary tiller for herbicide incorporation.  Following incorporation, plots 
were re-staked and coated marigold seed was planted at a population of 121,080 seeds 
per hectare with a four-row John Deere planter (N. Cloud personal communication).  
Pendimethalin treatments were sprayed immediately following planting.  Stand counts 
and injury ratings were obtained from the center two rows of each plot.  Data collection 
was conducted as described in the first field study. 
 Postemergence greenhouse experimental units were 10.2 cm diameter plastic 
pots containing two marigolds.  Marigold seeds were started in 30.5 cm by 45.7 cm flats 
of commercial potting medium.  Seedlings were grown in flats for approximately one 
week or until seedlings reached fully expanded cotyledon stage.  Two seedlings were 
then transplanted to each pot containing commercial potting medium.  Herbicides were 
applied when plants reached the two to four complete leaf stage-generally 8 to 13 cm in 
height.  Chemical names of postemergence herbicides are provided in the Appendix 
(Table 39). 
 Herbicides were applied using a laboratory track sprayer equipped with a TeeJet 
80015EVS2 nozzle at 303 kPa of pressure.  All herbicides, with the exception of 
atrazine, were applied at 0.5, 1.0, and 2.0X the labeled rate using water as the carrier at 
                                                 
2 Spraying Systems Co., Wheaton, IL 
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a volume of 187 L ha-1 (Table 2).  Atrazine was applied at 0.25, 0.50, and 1.0X the 
labeled rate.  Spray additives were included as specified on the herbicide label (Table 
2).  Experiments consisted of four, five, or six replicates.  Injury ratings were on a scale 
of one to nine where one indicated no injury and nine indicated plant death.  Injury 
ratings began five days after application and concluded with approximately 15 days 
after application.  At the termination of the experiment, African marigold were cut at the 
soil surface, placed in individual paper bags, dried for approximately 48 hours at 60°C, 
and dry weight was determined. 
 Data were analyzed using the GLM procedure in SAS.  Data did not require 
transformation.  Emergence data is represented as a percentage of maximum possible 
emergence.  Greenhouse emergence and injury ratings were analyzed separately for 
seven and 15 days after herbicide application.  Postemergence injury ratings were 
analyzed separately at five to seven and 12-15 days after herbicide application.  Data 
for each herbicide were evaluated using Fisher’s LSD.  Field emergence and injury 
ratings were analyzed separately by week for five WAE.  Only data from weeks two and 
five are presented.  Fisher’s LSD was used to detect differences between treatments for 
field experiments (SAS Institute 2014). 
 
Results and Discussion 
 In greenhouse preemergence experiments, no difference in emergence of 
African marigold in oryzalin treated soils was detected seven DAP.  Emergence in the 
4X rate, 17.9 kg ha-1, was ten percent lower than the untreated control, but not different 
13 
from 4.5 and 9.0 kg oryzalin ha-1 15 DAP (Table 3).  Applications of 9.0 and 18.0 kg ha-1 
caused injury of 4.5 and greater seven DAP and all rates caused injury exceeding 5.5  
15 DAP (Table 3).  Seedlings in oryzalin treated soil were stunted reaching 
approximately 1 cm height while untreated control seedlings were approximately 5 cm 
tall 15 DAP. 
 Pendimethalin did not affect emergence or cause injury at either evaluation date 
(Table 4).  At seven DAP, African marigolds exposed to 0.5 and 1.1 kg ha-1 actually had 
lower injury ratings than the untreated control.  Lack of response to pendimethalin in 
these trials suggests that pendimethalin might be a candidate herbicide for use with 
African marigolds. 
 Trifluralin did not affect emergence seven DAP; however, 15 DAP, the two high 
trifluralin rates, 0.8 and 1.7 kg ha-1, reduced emergence by approximately 20% 
compared to the untreated control (Table 5).  Injury symptoms of trifluralin were in the 
form of stunting and only 1.7 kg ha-1 caused injury of 3.0 15 DAP.  Adamson and 
Crossley (1968) reported trifluralin as a potential candidate for weed control in African 
marigold plantings. 
 Application of EPTC greatly reduced African marigold emergence at seven and 
15 DAP (Table 6).  Germination was less than 15% for all application rates.  An injury 
rating value of nine was assigned to trays in which no plants emerged.  Surviving plants 
were severely stunted. 
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 Emergence of African marigold was not significantly reduced by oxyfluorfen 
seven DAP (Table 7).  Oxyfluorfen applied at 0.3 and 0.6 kg ha-1 reduced emergence by 
approximately 20% 15 DAP (Table 7).  Injury ratings reflect stunting caused by a 
delayed and prolonged emergence period.  A reduction in leaf size was observed in 
later emerging plants. 
 Acetochlor significantly reduced emergence by 30% or more at all rates at both 
evaluations (Table 8).  Only the label rate, 1.3 kg ha-1, caused injury less than 6.0 seven 
DAP.  Fifteen DAP, all rates of acetochlor caused injury exceeding 8.0 with the 2.6 kg 
ha-1 causing plant death (Table 8).  At 15 DAP, surviving seedlings in acetochlor treated 
soil remained in the cotyledon stage while untreated control seedlings had one to two 
leaf pairs. 
 No difference in emergence was detected for any rate of encapsulated 
acetochlor at either evaluation date (Table 9).  Injury ratings were not significant seven 
DAP; however, 15 DAP, injury ratings associated with all rates of encapsulated 
acetochlor exceeded 6.0 (Table 9).  New leaves of affected plants were often folded and 
abnormally fused together.  Symptoms were similar to those of plants emerging in soils 
treated with S-metolachlor, another group 15 herbicide.  On average, emergence 
following encapsulated acetochlor (Table 9) application was 20% greater than 
emergence following acetochlor (Table 8).  Injury ratings were approximately 20% lower 
following encapsulated acetochlor (Table 9) application than following acetochlor 
application (Table 8).  Herbicide microencapsulation delays herbicide release into the 
soil solution and may reduce leaching of the herbicide (Bernards et al. 2006).  
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Application of microencapsulated acetochlor has been shown to reduce crop injury 
compared to application of unecapsulated acetochlor in corn (Bernards et al. 2006). 
 Napropamide reduced emergence of African marigold approximately 40% both 
seven and 15 DAP when applied at the label rate of 1.1 kg ha-1; however, emergence 
was not lower than untreated controls when napropamide was applied at 2.2 and 4.5 kg 
ha-1 (Table 10).  Crop injury was not significant until 15 DAP.  Napropamide at 1.1, 2.2, 
and 4.5 kg ha-1 resulted in injury ratings of 4.8, 5.7, and 6.8, respectively (Table 10).  
Affected seedlings wilted and eventually died.  While there was not a direct relationship 
between herbicide rate and emergence, visual injury increased with increasing rate. 
 Pyroxasulfone applied at 0.5 kg ha-1 reduced emergence approximately 40% 
seven DAP.  Fifteen DAP, emergence was reduced at rates of 0.2 and 0.5 kg ha-1 
(Table 11).  African marigolds were injured by 0.2 and 0.5 kg ha-1 pyroxasulfone seven 
DAP.  All treatments resulted in injury exceeding 6.5 15 DAP, and plants exposed to 0.2 
and 0.5 kg pyroxasulfone ha-1 were nearly killed (Table 11).  Abnormal folding of the 
first leaf pair was observed at the 0.1 kg ha-1 application rate.  Leaf malformation and 
leaf pair fusing occurred when pyroxasulfone was applied at 0.2 and 0.5 kg ha-1. 
 S-metolachlor did not affect African marigold emergence seven DAP.  At 15 
DAP, 4.3 kg ha-1 S-metolachlor reduced emergence compared to the untreated control 
(Table 12).  Injury of 3.2 and greater was observed at 2.1 and 4.3 kg ha-1 seven DAP.  
By 15 DAP, all S-metolachlor treatments caused injury of 5.0 and greater (Table 12).  
Injury symptoms consisted of malformation and fusing of newly emerging leaves. 
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 Bensulide at 5.6 and 11.2 kg ha-1 increased emergence of African marigold up to 
35% seven DAP and all rates increased emergence by at least 15% 15 DAP (Table 13).  
Bensulide did not cause visual injury at any rate evaluated.  Increased germination with  
bensulide has not been previously reported; however, Fawcett and Slife (1975) reported 
a species specific germination increase in response to several thiocarbamate 
herbicides. 
 Experiments in the field generally produced similar results as greenhouse 
experiments.  No differences in emergence were detected with preplant incorporated 
applications of bensulide or trifluralin treatment two or five WAE (Table 14).  Emergence 
in the field was considerably lower than emergence in the greenhouse.  Untreated 
controls in the field were approximately 40% lower than untreated controls in the 
greenhouse.  In the greenhouse, bensulide application increased emergence up to 35% 
compared to untreated controls (Table 13); however, this was not observed in the field 
study.  Injury was only observed at two WAE, and ratings were 3.3 or less (Table 14).  
Injury ratings from field experiments were consistent with ratings from greenhouse 
experiments (Table 5 and 13) and ranged from 2.0 to 3.3 at two WAE and from 1.3 to 
2.0 at five WAE (Table 14). 
 In the surface-applied preemergence herbicide experiment, no difference in 
emergence was detected with any herbicide treatment (Table 15).  Again, emergence in 
the field was approximately 40% lower than emergence in the greenhouse.  
Encapsulated acetochlor applied at 2.5 and 5.0 kg ha-1 caused injury of 5.5 and 6.3 and 
2.8 and 3.0 to African marigold two and five WAE, respectively (Table 15).  Injury 
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caused by encapsulated acetochlor was similar two WAE in the field (Table 15) and 15 
DAP in the greenhouse (Table 9) for rates of 2.5 and 5.0 kg ha-1.  The label rate  
application of encapsulated acetochlor, 1.3 kg ha-1, caused less injury in the field than in 
the greenhouse with ratings of 2.5 and 6.1 for two WAE (Table 15) and 15 DAP (Table 
9), respectively. 
 In the second preemergence field study, emergence of untreated controls was 
approximately 55% and was similar to that observed in greenhouse experiments 
(Tables 4, 5, 13).  No differences in emergence were detected either two or five WAE 
for any of the bensulide, pendimethalin, or trifluralin treatments (Table 16).  In the field, 
pendimethalin caused slightly higher injury.  Injury caused by pendimethalin in the 
greenhouse ranged from 1.5 to 1.9 15 DAP (Table 4).  Two WAE, 1.1 and 2.1 kg 
pendimethalin ha-1 caused significant injury ranging from 2.0 to 3.3 to African marigolds 
(Table 16).  Five WAE, only African marigolds treated with pendimethalin at 2.1 kg ha-1 
remained stunted.  Differences in emergence between the field studies may have been 
due to differences in soil temperatures or soil conditions between the experiments.  The 
first set of field trials was established in mid-May while the second set was established 
in mid-June.  The recommended date for marigold planting in plant hardiness zone 
seven is June (Gilman and Howe 1999).  The research farm was located in a zone five, 
a cooler zone.  Cooler temperatures during the first set of trials may have inhibited 
African marigold germination and establishment. 
 In greenhouse postemergence experiments, imazamox (Table 17) and 
imazethapyr (Table 18) at all rates caused injury of 5.0 and greater 12-15 days after 
spraying and reduced dry weights by 20 to 50%.  Data from imazethapyr trials (Table 
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18) confirmed results from Hurt and Vencill (1994) who determined imazethapyr was not 
a viable candidate for weed control in African marigold due to high levels of injury. 
 Injury associated with all 2,4-DB rates was significant (Table 19).  Plant dry 
weight was not different among the 2,4-DB rates, but dry weights of treated plants were 
at least 30% lower than untreated controls (Table 19).  Injury symptoms consisted of 
epinasty and abnormal bubbling of stem tissue. Hatterman-Valenti et al. (1995), Busey 
et al. (2003), and Hatterman-Valenti and Mayland (2005) reported severe injury to 
African marigold from low rates of growth regulator type herbicides associated with drift. 
Atrazine applied at 0.5, 1.1, and 2.2 kg ha-1 caused injury exceeding 6.0 at both 
evaluations (Table 20).  Treatments of 1.1 and 2.2 kg ha-1 caused plant death (Table 
20).  
 All rates of bentazon caused injury ranging from 2.4 to 3.3 at both evaluation 
dates (Table 21).  Weights of bentazon treated plants were reduced by at least 50% 
compared to untreated controls, but not significantly different from each other (Table 
21).  Bentazon treated plants exhibited necrotic lesions on leaves. 
 Acifluorfen caused injury exceeding 6.5 and reduced dry weights approximately 
80% (Table 22).  Flumiclorac caused injury exceeding 5.0 and reduced dry weights up 
to 65% (Table 23).  Carfentrazone applied at 0.01 and 0.02 kg ha-1, one and two times 
the labeled rate, resulted in injury of 6.2 to 8.0 and 4.2 to 6.7 at the five to seven and 
12-15 day evaluations, respectively (Table 24).  Carfentrazone reduced dry weights by 
at least 50% and caused leaf loss and stunting.  
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 Fluthiacet-methyl treatments caused injury of 4.3 and greater five to seven days 
after spraying and decreased dry weight up to 50% when compared to untreated 
controls (Table 25).  Fluthiacet-methyl caused necrosis on leaves contacted by the 
spray solution, but leaves that emerged after application were normal.  Treated plants 
remained smaller than untreated controls at the 12-15 day evaluation. 
 Fomesafen caused injury ranging from 7.6 to 8.0 at the early evaluation.  By the 
12-15 day evaluation, injury ratings associated with 13.2 and 26.3 g ha-1 had dropped to 
5.0 and 4.0, respectively (Table 26).  Injury associated with the 6.6 kg ha-1 rate of 
fomesafen remained high at 7.0.  Dry weights were reduced by more than 50%.  
Fomesafen treated leaves were necrotic and were sloughed off. It is possible that higher 
application rates hastened the loss of treated leaves and allowed an earlier transition 
into regrowth.  Regrowth of plants treated 6.6 kg ha-1 of fomesafen was minimal. 
 All rates of lactofen caused injury of 8.4 and greater to African marigold at both 
evaluation dates (Table 27).  Plant death was observed in some plants treated with 0.1 
kg ha-1 lactofen, half of the labeled rate, and in all plants treated with 0.2 and 0.4 kg ha-1 
(Table 27).  Dry weights of lactofen treated plants were reduced by more than 50%. 
 Acetochlor was evaluated postemergence at rates of 1.3 and 2.6 kg ha-1.  
Although this herbicide generally has little activity on emerged weeds, it could be 
beneficial in providing residual control of late-emerging weeds after establishment of 
African marigolds.  Visual injury was minor (<3.5) at both evaluation dates and no 
difference in plant dry weight was observed with either rate of acetochlor (Table 28).  
Injury symptoms were similar to those observed in preemergence applications of 
acetochlor.  Newly emerging leaves were folded or fused together.  
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 Two rates of an encapsulated acetochlor formulation were evaluated.  At the five 
to seven day evaluation, injury ratings were 1.0 and 1.6 for rates of 1.3 and 2.5 kg ha-1, 
respectively (Table 29).  Injury to plants treated with 2.5 kg ha-1 was significant at the 
early evaluation date, but not at the later date.  No difference in plant dry weight was 
detected.  Encapsulation of acetochlor reduced the injury caused by this herbicide 
compared to the emulsifiable concentrate formulation (Table 28).  Similar safening 
effects of acetochlor encapsulation have been observed in corn (Bernards et al. 2006). 
 Injury caused by mesotrione ranged from 4.8 to 6.0 at the five to seven day 
evaluation and 5.2 to 7.5 at the 12-15 day evaluation (Table 30).  Dry weight of plants 
treated with mesotrione was lower than untreated controls (Table 30).  Mesotrione 
applied at 0.05 kg ha-1 caused up to 50% leaf area loss; however, regrowth of two leaf 
pairs was evident at the 12-15 day evaluation.  Higher rates of mesotrione resulted in 
greater leaf loss with little or no regrowth at the 12-15 day evaluation. 
 Significant injury resulted from all rates of tembotrione on both dates with ratings 
ranging from 3.8 to 8.0 for the five to seven day evaluation and 3.2 to 8.8 for the 12-15 
day evaluation (Table 31).  Some death was observed among plants treated with 0.2 kg 
ha-1 of tembotrione at the 12-15 day evaluation.  All tembotrione treated plants had 
significantly reduced dry weights.  Tembotrione caused a reduction in leaf and plant 
size. Leaf loss in excess of 90% occurred in plants treated with 0.2 kg ha-1. 
 Topramezone applied at 9.2 g ha-1 did not cause significant injury to African 
marigold at the five to seven day evaluation (Table 32).  At the 12-15 day evaluation, no 
differences from the untreated controls were observed (Table 32).  Differences in dry 
weight were not detected.  Topramezone applied at 18.4 and 36.8 g ha-1 caused 
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bleaching of upper leaves at the five to seven day evaluation; however, bleaching was 
not evident at the 12-15 day evaluation.  Slight stunting of treated plants occurred.  
 Mesotrione, tembotrione, and topramezone are group 27 herbicides, often 
referred to as bleachers or pigment inhibitors (WSSA).  Although mesotrione and 
tembotrione have the same site of action as topramezone, mesotrione and tembotrione 
caused unacceptable injury and extensive leaf loss when applied to African marigold.  
Mesotrione and tembotrione are triketones whereas topramezone is a phenyl pyrazolyl 
ketone (EPA 2001, EPA 2007, EPA 2005).  It is possible that this difference in chemical 
family is responsible for the difference in crop tolerance due to differences in 
metabolism or sensitivity of the target site to the different chemicals. 
 
Summary and Conclusions 
 These experiments determined the relative tolerance of African marigold to 11 
preemergence herbicides representing four herbicide groups and 16 postemergence 
herbicides representing seven herbicide groups.  These data, along with further testing, 
can be used to develop a herbicide program used in commercial production of African 
marigold. 
 Several preemergence herbicides were deemed unsuitable for use in an African 
marigold crop.  Unacceptable emergence resulted from EPTC, oxyfluorfen, acetochlor, 
and napropamide applications (Tables 6, 7, 8, and 10).  High levels of injury were also 
observed following applications of oryzalin, EPTC, oxyfluorfen, acetochlor, 
encapsulated acetochlor, napropamide, pyroxasulfone, and S-metolachlor (Tables 3, 6, 
7, 8, 9, 10, 11, and 12).  
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Three preemergence herbicides proved to be candidates for weed control in 
African marigolds.  Pendimethalin, trifluralin, and bensulide did not affect emergence 
and caused low injury both in the greenhouse (Tables 4, 5, and 13) and in the field 
(Tables 14, 15, and 16).  
Sensitivity of African marigold to most postemergence herbicides was relatively 
high.  Only two herbicides, encapsulated acetochlor (Table 29) and topramezone (Table 
32), were found to have an adequate margin of crop safety for selective weed control.  
Acetyl-CoA carboxylase (ACCase) inhibiting herbicides may also be used to control 
grass weeds within an African marigold crop.  ACCase inhibitor herbicides prevent 
phospholipid formation, but do not affect broadleaf plants like African marigold due 
acetyl-CoA carboxylase insensitivity (WSSA).  Herbicides such as sethoxydim, an 
ACCase inhibitor, are already labeled for application to floral crops such as African 
marigold (Nufarm 2009).  Studies further examining tolerance of African marigold to 
applications of topramezone and acetochlor can be found in the second chapter of this 
thesis. 
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Table 1. Preemergence herbicides and 1X rate used in greenhouse experiments. 
Herbicide Trade name 1X rate 
  kg ha-1 
S-metolachlor Dual II Magnum® 1.1 
pendimethalin Prowl® H2O 0.5 
trifluralin Treflan® 4 EC 0.4 
oxyfluorfen Goal® 2XL 0.1 
napropamide Devrinol® 50 DF 1.1 
bensulide Prefar® 4-E 5.6 
EPTC Eptam® 7E 3.4 
oryzalin Oryzalin 4 A.S. 4.5 
acetochlor Harness® 1.3 
acetochlor Warrant® 1.3 
pyroxasulfone Zidua® 0.1 
 
Table 2. Postemergence herbicides, 1X rate, and additives used in greenhouse 
experiments. 
Herbicide Trade name 1X rate Additives Additive rate 
   kg ha-1  L ha-1 kg ha-1 
imazethapyr Pursuit® 0.07  NIS, UAN 0.47, 2.34 
imazamox Raptor® 0.04  NIS, UAN 0.47, 4.68 
flumiclorac Resource® 0.06  COC, UAN 0.47, 0.47 
lactofen Cobra® 0.2  NIS 0.47 
fomesafen Flexstar® 0.01 NIS, UAN 0.47, 0.94 
mesotrione Callisto® 0.1  COC, AMS 1.87, 1.91 
topramezone Impact® 0.02 COC, AMS 1.87, 1.91 
tembotrione Laudis® 0.05  MSO, AMS 1.87, 1.91 
carfentrazone Aim® EC 0.01  NIS 0.47 
fluthiacet-methyl Cadet® 0.005 COC, AMS 1.17, 1.91 
acetochlor Harness® 1.3    
acetochlor Warrant® 1.3    
acifluorfen Ultra Blazer® 0.6 COC, AMS 1.17, 0.56 
atrazine Atrazine 90 DF 2.3   
2,4-DB Butyrac® 200 0.2   
bentazon Basagran® 1.1 COC, AMS 0.58, 0.45 
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Table 3. Emergence and phytotoxicity response of greenhouse grown African 
marigold to oryzalin applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
  0 54.9 a 55.6 a 
  4.5 52.8 a 54.2 ab 
  9.0 52.1 a 47.9 ab 
17.9 49.3 a 43.8 b 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
  0 2.6 b 2.1 c 
  4.5 3.8 ab 5.7 b 
  9.0 4.8 a 6.1 ab 
17.9 4.5 a 6.8 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
Table 4. Emergence and phytotoxicity response of greenhouse grown African 
marigold to pendimethalin applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 55.2 a 59.4 a 
0.5 58.0 a 63.2 a 
1.1 60.4 a 62.5 a 
2.1 57.6 a 61.1 a 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.3 a 1.9 a 
0.5 1.9 b 1.5 a 
1.1 1.8 b 1.8 a 
2.1 2.0 ab 1.9 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 5. Emergence and phytotoxicity response of greenhouse grown African 
marigold to trifluralin applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 55.6 a 63.2 a 
0.4 49.3 a 52.1 ab 
0.8 46.5 a 48.6 b 
1.7 48.6 a 51.4 b 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.1 ab 1.8 b 
0.4 2.2 a 2.8 ab 
0.8 1.9 ab 2.4 ab 
1.7 1.8 b 3.0 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
Table 6. Emergence and phytotoxicity response of greenhouse grown African 
marigold to EPTC applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
  0 54.9 a 55.6 a 
  3.4 11.8 b 11.1 b 
  6.9 3.5 c 6.9 bc 
13.7 0.7 c 1.4 c 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
  0 2.6 ab 2.1 bc 
  3.4 6.4 b 7.8 b 
  6.9 7.4 ab 8.0 b 
13.7 8.6 a 8.8 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 7. Emergence and phytotoxicity response of greenhouse grown African 
marigold to oxyfluorfen applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 55.6 ab 63.2 a 
0.1 59.7 a 63.2 a 
0.3 44.4 b 49.3 b 
0.6 48.6 ab 47.9 b 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.1 b 1.8 c 
0.1 2.8 b 2.3 c 
0.3 4.3 a 3.7 b 
0.6 4.8 a 5.8 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
Table 8. Emergence and phytotoxicity response of greenhouse grown African 
marigold to acetochlor applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 60.4 a 66.0 a 
1.3 43.1 b 39.6 b 
2.6 42.3 b 34.0 bc 
5.1 29.9 c 25.0 c 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.8 b 2.0 a 
1.3 3.8 b 8.3 b 
2.6 6.6 a 9.0 b 
5.1 6.1 a 8.3 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 9. Emergence and phytotoxicity response of greenhouse grown African 
marigold to encapsulated acetochlor applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 60.4 a 66.0 a 
1.3 61.8 a 64.6 a 
2.5 60.4 a 63.9 a 
5.0 61.1 a 62.5 a 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.8 a 2.0 c 
1.3 2.9 a 6.1 b 
2.5 2.9 a 7.3 a 
5.0 3.4 a 6.1 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
Table 10. Emergence and phytotoxicity response of greenhouse grown African 
marigold to napropamide applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 55.6 b 63.2 a 
1.1 34.7 c 38.2 b 
2.2 73.6 a 74.3 a 
4.5 56.2 b 60.4 a 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.1 a 1.8 c 
1.1 3.0 a 4.8 b 
2.2 3.4 a 5.7 ab 
4.5 3.6 a 6.8 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 11. Emergence and phytotoxicity response of greenhouse grown African 
marigold to pyroxasulfone applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 60.4 a 66.0 a 
0.1 60.4 a 61.1 a 
0.2 51.4 a 49.3 b 
0.5 36.8 b 29.9 c 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.8 b 2.0 c 
0.1 2.7 b 6.7 b 
0.2 5.1 a 8.5 a 
0.5 6.5 a 8.8 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
Table 12. Emergence and phytotoxicity response of greenhouse grown African 
marigold to S-metolachlor applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
0 55.6 a 63.2 a 
1.1 59.0 a 61.1 ab 
2.1 53.5 a 56.9 ab 
4.3 52.1 a 48.6 b 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
0 2.1 c 1.8 c 
1.1 2.7 bc 5.0 b 
2.1 3.2 ab 6.5 a 
4.3 3.7 a 6.8 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 13. Emergence and phytotoxicity response of greenhouse grown African 
marigold to bensulide applied preemergence1, 2. 
 Days after planting 
Rate 7 15 
kg ha-1 ---------------- % emergence ---------------- 
  0 54.9 c 55.6 b 
  5.6 76.4 a 75.0 a 
11.2 66.7 ab 69.4 a 
22.4 64.6 bc 68.1 a 
   
 Injury rating 3 
 -------------------- (1-9) -------------------- 
  0 2.6 a 2.1 a 
  5.6 2.2 a 1.4 a 
11.2 2.0 a 1.8 a 
22.4 2.3 a 1.8 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 14. Emergence and phytotoxicity response of field grown African marigold to 
preplant incorporated herbicide applications1. 
Herbicide 
 Weeks after emergence 
Rate 2 5 
 kg ha-1 -------------- % emergence -------------- 
control 0 33.5 a 32.0 a 
bensulide 5.6 28.5 a 23.4 a 
 11.2 32.5 a 30.0 a 
 22.4 25.4 a 26.0 a 
trifluralin 0.4 28.5 a 27.0 a 
 0.8 26.4 a 23.9 a 
 1.7 23.4 a 19.3 a 
  
  Injury rating2 
  ------------------ (1-9) ------------------ 
 0 2.0 b 1.3 a 
bensulide 5.6 3.0 ab 1.5 a 
 11.2 2.3 ab 1.8 a 
 22.4 2.5 ab 1.8 a 
trifluralin 0.4 3.3 a 2.0 a 
 0.8 3.0 ab 1.5 a 
 1.7 2.5 ab 1.3 a 
1Values in the same column with the same letter are not significantly different at P≤0.05 
2Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 15. Emergence and phytotoxicity response of field grown African marigold to 
preemergence herbicide applications1. 
Herbicide 
 Weeks after emergence 
Rate 2 5 
 kg ha-1 -------------- % emergence -------------- 
control 0 38.1 a 31.5 a 
acetochlor 1.3 30.0 a 33.6 a 
 2.5 29.5 a 25.9 a 
 5.0 26.5 a 18.8 a 
pendimethalin 0.5 32.0 a 29.5 a 
 1.1 36.1 a 35.1 a 
 2.1 14.8 a 18.3 a 
  
  Injury rating2 
  ------------------ (1-9) ------------------ 
 0 2.8 b 1.8 c 
acetochlor 1.3 2.5 b 1.8 c 
 2.5 5.5 a 2.8 ab 
 5.0 6.3 a 3.0 a 
pendimethalin 0.5 2.5 b 2.0 bc 
 1.1 2.8 b 1.8 c 
 2.1 3.3 b 1.8 c 
1Values in the same column with the same letter are not significantly different at 
P≤0.05 
2Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 16. Emergence and phytotoxicity response of field grown African marigold to 
preplant incorporated and preemergence herbicide applications1. 
Herbicide 
 Weeks after emergence 
Rate 2 5 
 kg ha-1 -------------- % emergence -------------- 
control   0 57.4 a 52.3 a 
bensulide   5.6 52.8 a 49.3 a 
 11.2 53.4 a 54.9 a 
 22.4 52.8 a 52.3 a 
pendimethalin   0.5 52.3 a 47.8 a 
   1.1 57.9 a 51.8 a 
   2.1 47.3 a 43.2 a 
trifluralin   0.4 51.3 a 54.4 a 
   0.8 59.5 a 52.3 a 
   1.7 49.3 a 45.7 a 
  
  Injury rating2 
  ------------------ (1-9) ------------------ 
   0 1.3 c 1.3 b 
bensulide   5.6 1.8 bc 1.5 b 
 11.2 1.8 bc 1.5 b 
 22.4 1.5 bc 1.3 b 
pendimethalin   0.5 2.0 bc 2.0 b 
   1.1 2.3 b 1.8 b 
   2.1 3.3 a 3.3 a 
trifluralin   0.4 1.8 bc 1.8 b 
   0.8 1.5 bc 1.8 b 
   1.7 1.8 bc 1.5 b 
1Values in the same column with the same letter are not significantly different at 
P≤0.05 
2Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 17. Phytotoxicity response of greenhouse grown African marigold to imazamox 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.0 d 1.0 c 1.9 a 
0.02 3.3 c 6.0 b 1.5 b 
0.04 4.9 b 6.0 b 1.3 bc 
0.07 6.1 a 7.5 a 1.0 c 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
Table 18. Phytotoxicity response of greenhouse grown African marigold to 
imazethapyr applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.0 c 1.0 c 1.8 a 
0.04 3.9 b 5.0 b 1.2 b 
0.07 5.3 a 7.0 a 1.1 bc 
0.1 5.8 a 7.5 a 0.9 c 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 19. Phytotoxicity response of greenhouse grown African marigold to 2,4-DB 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.0 b 1.0 b 1.7 a 
0.3 4.7 a 5.1 a 1.2 b 
0.6 4.9 a 4.7 a 1.0 b 
1.1 5.1 a 5.3 a 0.7 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
Table 20. Phytotoxicity response of greenhouse grown African marigold to 
atrazine applied postemergence1, 2. 
Rate 
Days after spraying 
5-7 12-15 
kg ha-1 Injury Rating (1-9)3 
0 1.0 c 1.0 c 
0.5 6.2 b 7.6 b 
1.1 6.8 b 9.0 a 
2.2 8.6 a 9.0 a 
1Experiments were conducted in the greenhouse where data were 
collected until 15 days after herbicide application 
2Values in the same column with the same letter are not significantly 
different at P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 21. Phytotoxicity response of greenhouse grown African marigold to bentazon 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.0 b 1.0 b 1.7 a 
0.6 2.9 a 2.4 a 0.7 b 
1.1 3.2 a 2.7 a 0.7 b 
2.2 3.3 a 3.0 a 0.5 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
 
Table 22. Phytotoxicity response of greenhouse grown African marigold to acifluorfen 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.0 c 1.0 c 1.7 a 
0.3 6.7 b 7.4 b 0.2 b 
0.6 7.7 a 8.4 a 0.3 b 
1.1 8.2 a 8.5 a 0.2 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 23. Phytotoxicity response of greenhouse grown African marigold to flumiclorac 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.1 d 2.5 c 1.7 a 
0.03 7.2 c 5.2 b 1.0 b 
0.06 8.2 b 7.2 a 0.7 c 
0.1 8.8 a 8.2 a 0.6 c 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
Table 24. Phytotoxicity response of greenhouse grown African marigold to 
carfentrazone applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury Rating (1-9)3 g plant-1 
0 1.0 c 1.0 c 2.2 a 
0.01 6.2 b 4.2 b 0.9 b 
0.02 8.0 a 6.7 a 0.4 c 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 25. Phytotoxicity response of greenhouse grown African marigold to fluthiacet-
methyl applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
g ha-1 Injury rating (1-9)3 g plant-1 
0 1.0 c 1.0 b 2.2 a 
4.8 4.2 b 2.3 a 1.6 b 
9.6 4.8 a 3.0 a 1.1 c 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
Table 26. Phytotoxicity response of greenhouse grown African marigold to fomesafen 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
g ha-1 Injury Rating (1-9)3 g plant-1 
0 1.0 b 1.0 c 1.9 a 
6.6 7.8 a 7.0 a 0.8 b 
13.2 7.6 a 5.0 b 0.9 b 
26.3 8.0 a 4.0 b 0.8 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 27. Phytotoxicity response of greenhouse grown African marigold to lactofen 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.0 b 1.0 b 1.9 a 
0.1 8.4 a 8.8 a 0.7 b 
0.2 8.8 a 9.0 a 0.6 b 
0.4 8.8 a 9.0 a 0.5 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
Table 28. Phytotoxicity response of greenhouse grown African marigold to acetochlor 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.1 c 1.2 c 1.7 a 
1.3 2.3 a 2.3 b 1.6 a 
2.6 1.7 b 3.4 a 1.5 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 29. Phytotoxicity response of greenhouse grown African marigold to 
encapsulated acetochlor applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.1 b 1.2 a 1.7 b 
1.3 1.0 b 1.3 a 1.9 a 
2.5 1.6 a 1.4 a 1.9 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
 
Table 30. Phytotoxicity response of greenhouse grown African marigold to mesotrione 
applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.3 c 3.0 c 1.6 a 
0.05 4.8 b 5.2 b 1.0 b 
0.1 5.5 ab 6.6 a 0.8 b 
0.2 6.0 a 7.5 a 0.8 b 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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Table 31. Phytotoxicity response of greenhouse grown African marigold to 
tembotrione applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
kg ha-1 Injury rating (1-9)3 g plant-1 
0 1.3 c 1.3 d 2.3 a 
0.05 3.8 b 3.2 c 0.6 b 
0.09 4.2 b 5.2 b 0.4 c 
0.2 8.0 a 8.8 a 0.2 d 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
 
Table 32. Phytotoxicity response of greenhouse grown African marigold to 
topramezone applied postemergence1, 2. 
Rate 
Days after spraying 
Dry weight 
5-7 12-15 
g ha-1 Injury rating (1-9)3 g plant-1 
  0 1.3 c 3.1 ab 1.6 a 
  9.2 1.5 bc 2.9 b 1.6 a 
18.4 2.3 ab 3.2 ab 1.5 a 
36.8 3.2 a 3.9 a 1.4 a 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3Inury rating scale 1-9, 1=normal growth, 9=plant death 
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CHAPTER III: AFRICAN MARIGOLD (TAGETES ERECTA) RESPONSE TO 
TOPRAMEZONE 
 
Abstract 
 
 Factors affecting the tolerance of African marigold to topramezone were 
evaluated to determine the potential for using this product during commercial 
production.  Topramezone was applied at rates of 0 to 294.2 g ha-1 to greenhouse 
grown marigold plants.  African marigolds demonstrated good tolerance to topramezone 
rates up to 36.8 g ha-1.  Applications of 73.6 g ha-1 and greater caused crop injury 
exceeding 6.0 and eventually caused plant death.  A crop oil concentrate (COC) and a 
methylated seed oil (MSO) were evaluated with three rates of topramezone to 
determine the effect of different adjuvants on African marigold tolerance.  Use of a MSO 
caused visual injury of 4.7 at the 36.8 g ha-1 rate compared to visual injury of 2.5 caused 
by COC.  No difference was found between adjuvants at either the 18.4 or the 73.6 g 
ha-1 rate of topramezone.  A tank mix of topramezone with encapsulated acetochlor 
resulted in crop visual injury of 4.6 or less and 3.9 or less in greenhouse and field 
studies, respectively.  This tank mix could be used to control existing and emerging 
weeds prior to crop canopy.  A study observing crop response to topramezone 
application when African marigold was grown in pendimethalin treated soils indicated 
that pendimethalin did not affect topramezone tolerance and could be used as a part of 
a season long herbicide program for African marigold.  Including malathion with 
postemergence applications of topramezone did not affect African marigold tolerance to 
topramezone, suggesting that cytochrome P450 is not involved in the metabolism of 
topramezone. 
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Introduction 
 
 A crop’s ability to tolerate herbicides is the foundation of chemical weed control.  
The primary method of herbicide selectivity is differential metabolism.  Differential 
metabolism allows the conversion of toxic molecules to less dangerous secondary 
metabolites (Pinto de Carvalho et al. 2009).  Several factors contribute to a crop’s ability 
to metabolize and tolerate herbicide application.  These factors include, but are not 
limited to: environment, herbicide rate, and spray additives (Curran et al. 2009; Kudsk 
and Kristensen 1992). 
 Environmental parameters such as temperature, solar radiation, and relative 
humidity influence transpiration and photosynthesis, thus impacting herbicide efficacy 
(Kudsk and Kristensen 1992).  Up to a critical maximum temperature, a positive 
relationship exists between temperature and herbicide translocation and metabolism 
(Kudsk and Kristensen 1992).  Relative humidity impacts the uptake of foliar applied 
herbicides.  In times of high moisture, cutin within the cuticle may thicken causing 
cuticle layers above it to crack.  Herbicides on the leaf surface may use these cracks as 
channels into the leaf.  Additionally, higher relative humidity slows evaporation rate of 
the herbicide solution on the leaf surface allowing a greater amount of time for herbicide 
entry into the plant (Kudsk and Kristensen 1992).  Another important environmental 
factor is soil moisture.  Inadequate soil moisture triggers stomatal closure and ceases 
transpiration.  In the absence of stomatal gas exchange, photosynthesis and 
photosynthate translocation decline; therefore, limiting herbicide mobility in the plant 
(Kudsk and Kristensen 1992). 
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 Herbicide rate contributes to crop tolerance.  Herbicide metabolism is achieved 
through three general phases: detoxification, conjugation, and compartmentalization 
(Devine et al. 1993).  Detoxification requires oxidation, reduction, or hydrolysis of 
herbicide molecules and is followed by conjugation of the metabolite to an inactive 
form(Devine et al. 1993).  In some cases, conjugation may occur without initial 
detoxification.  Following conjugation, inactive metabolites are sequestered in the 
vacuole or cell well.  Increased rates of herbicide may cause increased crop injury due 
to the greater quantity of herbicide to be metabolized by a limited number of detoxifying 
enzymes.  Topramezone metabolism in corn begins with hydrolysis or demethylation 
which is followed by catabolism and conjugation to form starches, polysaccharides, fatty 
acids, and natural products (EPA 2005). 
 Spray additives and tank mixing influence herbicide uptake and activity in the 
plant.  Two spray additive alternatives, crop oil concentrate (COC) and methylated seed 
oil (MSO), are recommended for topramezone applications (BASF 2012).  Spray 
additives such as COC and MSO may increase drying time and decrease evaporation 
of the herbicide solution once it is applied to a leaf (Kudsk and Kristensen 1992).  Crop 
oil concentrate and MSO also serve as penetration agents effectively cutting through 
the epicuticular wax (Curran et al. 2009).  Methylated seed oil typically achieves higher 
penetration rates than COC, increasing herbicide efficacy and potentially crop injury.  In 
a study on the application of primisulfuron to two weedy species, Hart et al. (1992) 
found that use of MSO as an adjuvant with primisulfuron, instead of COC, facilitated a 
200% increase in primisulfuron absorption. 
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Application of many herbicides with a carbamate or organophosphate insecticide 
has been shown to increase crop injury (Christopher et al. 1994; Guengerich 2001; 
Kreuz and Fonné-Pfister 1992).  Metabolism of carbamate and organophosphate 
insecticides employs the cytochrome P450 enzyme (Christopher et al. 1994; 
Guengerich 2001; Kreuz and Fonné-Pfister 1992).  Use of cytochrome P450 for 
detoxification of malathion, an organophosphate insecticide, limits detoxification of 
herbicides whose metabolism also depend on cytochrome P450.  Kreuz and Fonné-
Pfister (1992) documented a decrease in plant metabolism of primisulfuron when Zea 
mays plants were also treated with 0.4 kg ha-1 of malathion.  Christopher et al. (1994) 
observed similar results when malathion was applied to Lolium rigidum plants with 
chlorsulfuron.  The majority of reactions involving cytochrome P450 are oxidation 
reactions (Guengerich 2001).  However, though unusual, P450 has been found to 
catalyze hydrolytic cleavage reactions such as those involved in detoxification of 
topramezone (Guengerich 2001). 
 Previous work established that African marigold was tolerant of 
topramezone applied at rates labeled for use in other crops.  Additional research was 
conducted to further define factors influencing the utility of topramezone in African 
marigolds.  Our hypothesis was that crop tolerance would be influenced by several 
factors, including herbicide rate, spray additives, and other pesticides.  Defining these 
factors is critical in order to safely use topramezone during commercial production of 
African marigold in the United States. 
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Materials and Methods 
Experimental units were 10.2 cm diameter plastic pots containing two marigolds.  
Marigold seeds were started in 30.5 cm by 45.7 cm flats of commercial potting medium, 
two seedlings were then transplanted to each pot containing commercial potting 
medium when cotyledons were fully expanded.  All experiments consisted of five 
replications with the exception of one which had six.  All experiments, except for the 
malathion experiment which was conducted once, were repeated twice.  Treatments 
were applied when plants reached the two to four fully expanded leaf stage, 
approximately 8 to 13 cm height. 
An experiment was conducted in the greenhouse to establish a dose response 
curve for topramezone on African marigold.  Topramezone with crop oil concentrate and 
ammonium sulfate was applied at 4.6, 9.2, 18.4, 36.8, 73.6, 147.1, and 294.2 g ha-1 with 
a laboratory track sprayer at the equivalent of 187 L ha-1.  Crop oil concentrate and 
ammonium sulfate were added at label recommended rates.  Injury ratings began five 
days after spraying and concluded 15 days after spraying.  Plants were then cut at the 
soil surface, placed in individual paper bags, dried for approximately 48 hours at 60°C, 
and dry weight was determined.  Injury ratings were on a scale of one to nine where one 
indicated no injury and nine indicated plant death. 
 A greenhouse experiment was conducted to determine the effect of different 
spray additives on African marigold tolerance to topramezone.  A crop oil concentrate 
and methylated seed oil were evaluated.  Experimental units were as previously 
described.  Topramezone was evaluated at 18.4, 36.8, and 73.6 g ha-1 with 1.9 L ha-1  
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methylated seed oil or 1.9 L ha-1 crop oil concentrate.  Ammonium sulfate was used as 
a nitrogen source at 1.9 kg ha-1.  Treatments were applied and data was collected as 
previously described. 
 A factorial experiment was conducted to evaluate the tolerance of African 
marigolds to a tank mix of topramezone and encapsulated acetochlor.  Three rates of 
topramezone were evaluated in a tank mix with the labeled rate of encapsulated 
acetochlor.  Experimental units, treatment application, and data collection were as 
previously described.  This combination was also evaluated in a field study including 
three rates of topramezone and two rates of encapsulated acetochlor.  A complete 
factorial, randomized block was used with four replications.  Plots measured 3.0 m by 
10.2 m and spraying was conducted in a 2.1 m swath using a backpack sprayer at the 
equivalent of 187 L ha-1.  Injury ratings began five days after spraying and concluded 
three weeks after the first rating.  All ratings were based on the center two rows of each 
plot.  Injury ratings were on a scale of one to nine where one indicated no injury and 
nine indicated plant death. 
 An experiment evaluating the crop safety of preemergence pendimethalin 
followed by postemergence topramezone on African marigold was conducted in the 
greenhouse.  Experimental units were 10.2 cm diameter plastic pots filled with 400 ml of 
a one to one mix of commercial potting medium and field soil.  Flats filled to a depth of 
2.5 cm with a one to one mix of commercial potting medium and field soil were sprayed 
with pendimethalin at one, two, and four times the labeled rate.  The soil mix was 
agitated after spraying to thoroughly incorporate the herbicide.  Approximately 150 ml of 
pendimethalin treated soil mixture was added to each pot.  Each pot was seeded with 
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12 untreated marigold seeds and seeds were topped with 50 ml of pendimethalin 
treated soil resulting in an approximate 0.6 cm planting depth.  Pots were initially 
watered overhead until saturated.  Capillary flow mats were used to supply water for the 
remainder of the experiment.  
 Stand counts and injury ratings were obtained for two weeks after planting 
(WAP).  Injury ratings were on a scale of one to nine where one indicated no injury and 
nine indicated plant death.  Two WAP, units were thinned so each pot contained two 
representative plants.  When plants reached the two to four complete leaf stage, 
topramezone at 18.4, 36.8, and 73.6 g ha-1 was applied with crop oil concentrate and 
ammonium sulfate with a laboratory track sprayer at the equivalent of 187 L ha-1 to 
achieve all possible combinations of pendimethalin and topramezone rates.  Injury 
ratings began five days after topramezone application and continued until 15 days after 
application.  Plants were then cut at the soil surface, placed in individual paper bags, 
dried for approximately 48 hours at 60°C, and dry weight was determined. 
 An experiment was conducted in the greenhouse to determine if African marigold 
tolerance of topramezone is affected by malathion, an organophosphate insecticide.  
Three rates of topramezone, 18.4, 36.8, and 73.6 g ha-1, were evaluated in combination 
with 0.5 kg ha-1 and 1.0 kg ha-1, of malathion.  Experimental units were as previously 
described for other postemergence trials.  Ammonium sulfate was used as a nitrogen 
source at 1.9 kg ha-1 and crop oil concentrate was added at 1.9 L ha-1.  Treatments 
were applied and data was collected as previously described. 
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Data from each experiment were analyzed using the GLM procedure in SAS.  
Data did not require transformation.  Preemergence injury ratings were analyzed 
separately seven and 15 days after planting (DAP).  Postemergence injury ratings were 
analyzed separately at five and 15 days after herbicide application. Field injury ratings 
were analyzed separately by week for three weeks after spraying.  Fisher’s LSD was 
used to detect differences between treatments (SAS Institute 2014).  SigmaPlot 12.5 
was used to graph the response of African marigold to seven rates of topramezone 
(SigmaPlot 2014).  The regression curve and fitting equation were also generated by 
this software (SigmaPlot 2014). 
 
Results and Discussion 
Greenhouse dose-response experiments determined African marigold was 
tolerant of topramezone rates up to 36.8 g ha-1 (Figure 1).  This provides marigolds with 
a 2X margin of safety over the label rate for topramezone application in corn, 18.4 g ha-
1.  Five days after spraying, injury associated with topramezone treatments ranged from 
1.9 to 4.5(data not presented).  Plants treated with less than 18.4 g topramezone ha-1 
exhibited minor bleaching on the uppermost leaf pair present at the time of application.  
Topramezone applied at 18.4 and 36.8 g ha-1 caused additional slight bleaching on the 
next pair of emerging leaves.  Application of greater than 36.8 g topramezone ha-1 
caused bleaching at the apical and axillary buds.  Topramezone applied at 4.6, 9.2, and 
18.4 g ha-1 did not cause significant injury 15 days after treatment.  Topramezone 
applied at 36.8 g ha-1 caused injury of 2.2 15 days after spraying.  Injury associated with 
topramezone applied at 36.8 g ha-1 was significantly higher than the untreated control at  
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the 15 day evaluation; however, it was not different from the preceding lower rates (data 
not presented).  Dry weights of all plants treated with topramezone were reduced by 
30% or more (data not presented).  
 Topramezone requires the addition of an adjuvant, either a crop oil concentrate 
or a methylated seed oil, as well as the addition of ammonium sulfate.  These adjuvants 
were applied with 18.4, 36.8, and 73.6 g ha-1 topramezone (Table 33).  Topramezone 
caused visual injury both five and 15 days after spraying.  The addition of MSO with 
36.8 g ha-1 topramezone caused greater injury than the same rate of topramezone with 
COC.  This suggests that in some cases, use of COC may increase crop safety 
compared to a MSO.  Hart et al. (1992) found that use of MSO as an adjuvant with 
primisulfuron instead of COC increased primisulfuron absorption two fold.  Differences 
between adjuvants were not observed with 18.4 and 73.6 g ha-1 topramezone. Dry 
weights of all treated plants were significantly reduced (Table 33).  
Preliminary experiments evaluating African marigold tolerance did not show a 
decrease in dry weight following topramezone applications.  Although dry weight of 
plants treated with an application of 9.2 g topramezone ha-1 or greater were reduced by 
at least 50% of untreated controls in the dose response experiment (data not 
presented), research has shown that plants are able to recover from stresses that 
reduce growth early in the growing season.  Haroun (2002) documented a 75% 
decrease in soybean, Glycine max, shoot weight 45 days after treatment with 
oxyfluorfen.  Ninety days after treatment, no difference in shoot dry weight was 
detectable.  Moscardi et al. (2012) found that soybean yield was not reduced by artificial 
defoliation early in the season unless the defoliation resulted in plant death.  Treatments 
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consisting of loss of one cotyledon, loss of both cotyledons, loss of both cotyledons and 
a unifoliate leaf, loss of one unifoliate leaf, loss of both unifoliate leaves, severing below 
the unifoliate leaves, and loss of newly expanding trifoliate leaves did not significantly 
reduce yield (Moscardi et al. 2012).  This suggests that plants that produce excess leaf 
area, such as soybean and African marigold, are capable of recovering from stresses 
that reduce photosynthetic capacity early in the growing season.  In these experiments 
the injury ratings at rates of 36.8 g ha-1 or less of topramezone declined between the 
early and late visual ratings (Tables 33 and 34), indicating recovery during this time 
period. 
 Topramezone was evaluated in a tank mix with encapsulated acetochlor both in 
the greenhouse and in the field.  In the greenhouse, topramezone at 18.4, 36.8, and 
73.6 g ha-1 was applied alone and in combination with 1.3 kg ha-1 of acetochlor (Table 
34).  Neither the interaction of topramezone and acetochlor nor acetochlor alone had a 
significant effect on crop injury, thus mean data are presented by topramezone rate and 
the interaction term is pooled with the error.  Seven days after herbicide application 
(DAA), all topramezone treatments caused injury ratings ranging from 3.3 to 4.6 (Table 
34).  Fifteen DAA, African marigolds had recovered with no visual injury evident.  
Addition of acetochlor did not affect African marigold tolerance to topramezone.   
 In the field, the interaction effect of topramezone and acetochlor was significant 
only during the first week after spraying, and the topramezone effect (P < .0001) was 
much larger than that of acetochlor (P = 0.0086) and the interaction of the two 
herbicides (P = 0.0150) (Table 35).  Neither acetochlor nor the interaction of the 
herbicides was significant at two or three weeks after application (WAA) (Table 35).  
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Mean data are presented by topramezone rate and the interaction term is pooled with 
the error.  In the field, visual injury was significant for all topramezone treated plants at 
one WAA (Table 35).  At two WAA, injury symptoms associated with encapsulated 
acetochlor application appeared.  Injury was similar to that caused by postemergence 
application of an emulsifiable concentrate acetochlor formulation in the greenhouse.  
Acetochlor is a group 15 herbicide that inhibits mitosis through disruption of very long 
chain fatty acid synthesis (Böger et al. 2000).  Typically applied preemergence, group 
15 herbicides have little effect on fully developed tissues where cell division and 
expansion are no longer occurring.  It is likely that injury occurred shortly after 
application, but was not visible until the leaves being initiated at the time of application 
were fully expanded.  By week three, all plants treated with a label rate application of 
topramezone did not exhibit significant injury.  The combination of topramezone and 
encapsulated acetochlor could provide control of both emerged weeds and weeds that 
germinate following the application.  
 African marigolds were treated postemergence with topramezone following a 
preemergence pendimethalin application (Table 36).  Pendimethalin did not cause 
visible injury to African marigold (data not presented).  The interaction between 
pendimethalin and topramezone was only significant five days after the topramezone 
application.  At 15 DAA neither the interaction term nor the pendimethalin term were 
significant.  Mean data are presented by topramezone rate and the interaction term is 
pooled with the error term.  Fifteen days after topramezone application, injury was 
significant for all rates of topramezone; however, differences between rates were not 
detectable.  The relative high injury ratings in this experiment are probably due to 
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Fusarium root rot that infected a high number of plants.  It is believed that the field soil 
used in the potting media was the source of the Fusarium inoculum.  There was no 
evidence of pendimethalin or topramezone increasing disease severity. 
 Malathion at rates of 0.5 and 1.0 kg ha-1 applied in combination with 
postemergence applied topramezone at 18.4, 36.8, and 73.6 g ha-1 did not increase 
injury compared to plants treated with topramezone alone.  The interaction and 
malathion terms were not significant five days after herbicide application; thus, means 
are presented by topramezone rate and the interaction term is pooled with the error 
term.  Five days after application, injury was significant for all topramezone treatments 
(Table 37).  Fifteen days after application injury ratings were still significant and ranged 
from 2.4 to 3.5 for 18.4 and 73.6 g ha-1 rates of topramezone, respectively (Table 37).  
While the interaction between the two pesticides was significant (P = 0.0312), this effect 
was small in comparison to the topramezone effect (P < 0.0001).  Dry weight was not 
reduced for any treatment (data not presented).  Kreuz and Fonné-Pfister (1992) 
documented a decrease in metabolism of the herbicide primisulfuron when primisulfuron 
was applied with 0.4 kg ha-1 malathion.  Lack of an interaction between topramezone 
and malathion suggests that cytochrome P450 is not involved in African marigold 
metabolism of topramezone.  Mesotrione, tembotrione, and topramezone are group 27 
herbicides, often referred to as bleachers or pigment inhibitors (WSSA).  Although 
mesotrione and tembotrione have the same site of action as topramezone, mesotrione 
and tembotrione caused unacceptable injury and extensive leaf loss on African marigold 
in the earlier screening studies (Chapter 1).  Mesotrione and tembotrione are triketones 
whereas topramezone is a phenyl pyrazolyl ketone (EPA 2001, EPA 2007, EPA 2005).  
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Labels for mesotrione (Syngenta 2011) and tembotrione (Bayer 2015) restrict the 
application of these two herbicides with organophosphate and carbamate insecticides 
due to severe injury.  No such restriction is imposed by the topramezone label (BASF 
2012).  It is possible that this difference in chemical family and involvement of 
cytochrome P450 in herbicide degradation is responsible for the difference in crop 
tolerance. 
 
Summary and Conclusions 
 These experiments indicate an acceptable margin of safety for topramezone to 
African marigold.  Application of topramezone at rates up to 36.8 g ha-1 caused short-
lived chlorosis and bleaching of foliage contacted by the spray solution, new growth was 
relatively unaffected.  In the greenhouse, dry weights of African marigold were 
significantly reduced by topramezone.  Due to the short duration of the greenhouse 
experiments, the African marigolds did not have time to recover from growth inhibition 
following application.  Although yields were not taken in field experiments, there was no 
evidence of lasting growth inhibition of field grown African marigolds.  A consistent 
difference in crop injury attributable to adjuvant use was not found; however, use of 
COC instead of MSO may provide a greater margin of crop safety.  
 Since marigold is slow to close its canopy, application of topramezone in a tank 
mix with encapsulated acetochlor could provide control of existing weeds while 
controlling later emerging weeds.  Also important in a field setting is the use of a  
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preemergence herbicide.  A preemergence application of pendimethalin followed by a 
postemergence application of topramezone could be used to provide season long weed 
control in an African marigold crop.  
 Addition of malathion to postemergence applications of topramezone did not 
affect African marigold tolerance to topramezone, this provides evidence that 
cytochrome P450 is not involved in the metabolism of topramezone by African 
marigolds. 
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Figure 1. Phytotoxicity response of African marigold 
to seven rates of topramezone fifteen days after 
application. Injury rating scale 1-9, 1=normal 
growth, 9=plant death. 
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Table 33. Phytotoxicity response of greenhouse grown African marigold to different 
adjuvants applied postemergence1, 2. 
topramezone adjuvant 5 DAA3 15 DAA3 Dry weight 
g ha-1  Injury rating (1-9)4 g plant-1 
0  1.1 c 1.1 d 1.8 a 
18.4 COC 3.6 b 2.1 c 0.7 b 
36.8 COC 4.5 a 2.5 c 0.8 b 
73.6 COC 4.3 ab 6.2 a 0.3 c 
18.4 MSO 3.6 b 2.0 c 0.8 b 
36.8 MSO 4.3 ab 4.7 b 0.4 c 
73.6 MSO 4.4 a 6.6 a 0.3 c 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at P≤0.05 
3DAA = days after application  
4Injury rating scale 1-9, 1=normal growth, 9=plant death 
 
 
 
 
Table 34. Phytotoxicity response of greenhouse grown African marigold to 
postemergence combinations of topramezone and acetochlor1,2 
topramezone 7 DAA3 15 DAA3 
g ha-1 Injury rating (1-9)4,5 
  0 2.1 c 1.8 a 
18.4 3.3 b 1.7 a 
36.8 4.2 a 1.9 a 
73.6 4.6 a 1.9 a 
   
 P-Value 
topramezone <.0001 0.8010 
acetochlor 0.7142 1.0000 
topra × aceto 0.5576 0.5100 
1Experiments were conducted in the greenhouse where data were collected until 
15 days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3DAA = days after application  
4Injury rating scale 1-9, 1=normal growth, 9=plant death 
5Data means include acetochlor term 
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Table 35. Phytotoxicity response of field grown African marigold to postemergence 
combinations of topramezone and acetochlor1 
topramezone 1 WAA2 2 WAA2 3 WAA2 
g ha-1 Injury rating (1-9)3,4 
  0 1.0 c 1.0 d 1.0 c 
18.4 2.3 b 2.0 c 1.4 c 
36.8 2.8 ab 2.8 b 1.9 b 
73.6 3.3 a 3.9 a 2.7 a 
    
 P-Value 
topramezone <.0001 <.0001 <.0001 
acetochlor 0.0086 0.5368 0.9809 
topra × aceto 0.0150 0.2122 0.7234 
1Values in the same column with the same letter are not significantly different at 
P≤0.05 
2WAA = weeks after application  
3Injury rating scale 1-9, 1=normal growth, 9=plant death 
4Data are means of two acetochlor rates 
 
 
Table 36. Emergence and phytotoxicity response of greenhouse grown African 
marigold to preemergence pendimethalin followed by postemergence  
topramezone1, 2. 
topramezone 7 DAPA3 15 DAPA3 5 DATA4 15 DATA4 
g ha-1 Injury rating (1-9)5,6 
0 - - 2.1 b 3.5 b 
18.4 - - 3.5 a 5.0 a 
36.8 - - 4.3 a 5.9 a 
73.6 - - 3.8 a 5.2 a 
     
 P-Value 
topramezone - - <.0001 0.0119 
pendimethalin 0.1898 0.4829 0.0491 0.6633 
topra × pendi - - 0.0306 0.4611 
1Experiments were conducted in the greenhouse where data were collected until 15 
days after herbicide application; data are an average of two experiments 
2Values in the same column with the same letter are not significantly different at 
P≤0.05 
3DAPA = days after pendimethalin application 
4DATA = days after topramezone application 
5Inury rating scale 1-9, 1=normal growth, 9=plant death 
6Data are means of two pendimethalin rates 
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Table 37. Phytotoxicity response of greenhouse grown African marigold to a 
combination of topramezone and malathion applied postemergence1, 2. 
topramezone 5 DAA3 15 DAA3 
g ha-1 Injury rating (1-9)4 
0 1.4 b 1.2 c 
18.4 2.3 a 2.4 b 
36.8 2.5 a 3.1 a 
73.6 2.7 a 3.5 a 
   
 P-Value 
topramezone <.0001 <.0001 
malathion 0.3986 0.1315 
topra × mala 0.6699 0.0312 
1Experiments were conducted in the greenhouse where data were collected 
until 15 days after herbicide application 
2Values in the same column with the same letter are not significantly different 
at P≤0.05 
3DAA = days after application  
4Injury rating scale 1-9, 1=normal growth, 9=plant death 
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CHAPTER IV:  GENERAL CONCLUSIONS 
 
 
The objective of the first chapter of this thesis was to determine herbicides safe 
for application to African marigold.  We hypothesized that African marigold tolerance 
would vary among herbicides and that crop injury would increase as herbicide rate 
increased.  Three preemergence herbicides (bensulide, pendimethalin, and trifluralin) 
did not affect crop emergence and provided an adequate margin of crop safety when 
applied to African marigold both in the greenhouse and in the field.  Two herbicides 
applied postemergence, topramezone and encapsulated acetochlor, caused low crop 
injury and allowed for quick recovery of treated plants.  Neither postemergence 
herbicide resulted in reduced dry weight in initial greenhouse experiments.  
The objective of the second chapter of this thesis was to determine factors that 
influenced the tolerance of African marigold to topramezone.  We hypothesized that 
crop tolerance would be influenced by several factors, including: herbicide rate, spray 
additives, and other pesticides.  African marigold tolerance to topramezone was shown 
up to rates of 36.8 g ha-1.  The standard use rate of topramezone in corn is 18.4 g ha-1. 
COC and MSO were used as spray additives with topramezone.  Differences between 
COC and MSO were not consistently significant; however, application of topramezone 
with a COC may increase crop safety compared to a MSO.  Topramezone applied in a 
tank mix with encapsulated acetochlor did not increase injury compared to application of 
topramezone alone in the greenhouse or in the field.  Application of topramezone in a 
tank mix with encapsulated acetochlor can be used to provide control of emerged and 
emerging weeds in an African marigold crop prior to crop canopy closure.  
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Preemergence application of pendimethalin did not cause increased injury following 
topramezone application indicating a possible program for season long weed control in 
an African marigold crop.  Malathion applied with topramezone did not increase crop 
injury over controls.  Lack of injury response indicates that African marigold metabolism 
of topramezone is not mediated by cytochrome P450.   
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Table 38. Preemergence herbicides and their chemical names. 
Herbicide Chemical name 
S-metolachlor 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide 
pendimethalin N-(1-ethylpropyl)-3,4-dimethyl-2,6-dinitrobenzenamine 
trifluralin 2,6-dinitro-N,N-dipropyl-4-(trifluoromethyl)benzenamine 
oxyfluorfen 2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl)benzene 
napropamide N,N-diethyl-2-(1-naphthalenyloxy)propanamide 
bensulide O,O-bis(1-methylethyl) S-[2-[(phenylsulfonyl)amino]ethyl]phosphorodithioate 
EPTC S-ethyl dipropyl carbamothioate 
oryzalin 4-(dipropylamino)-3,5-dinitrobenzenesulfonamide 
acetochlor 2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide 
acetochlor 2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide 
pyroxasulfone 3-[5-(difluoromethoxy)-1-methyl-3-(trifluoromethyl)pyrazol-4-ylmethylsulfonyl]-4,5-dihydro-5,5-
dimethyl-1,2-oxazole 
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Table 39. Postemergence herbicides and their chemical names. 
Herbicide Chemical name 
imazethapyr 2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5-ethyl-3-pyridinecarboxylic acid 
imazamox 2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5-(methoxymethyl)-3-pyridinecarboxylic acid 
flumiclorac [2-chloro-4-fluoro-5-(1,3,4,5,6,7-hexahydro-1,3-dioxo-2H-isoindol-2-yl)phenoxy]acetic acid 
lactofen (6)-2-ethoxy-1-methyl-2-oxoethyl 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoate 
fomesafen 5-[2-chloro-4-(trifluoromethyl)phenoxy]-N-(methylsulfonyl)-2-nitrobenzamide 
mesotrione 2-(4-mesyl-2-nitrobenzoyl)-3-hydroxycylohex-2-enone 
topramezone [3-(4,5-dihydro-3-isoxazolyl)-2-methyl-4-(methylsulfonyl)phenyl](5-hydroxy-1-methyl-1H-pyrazol-4-yl)methanone 
tembotrione 2-[2-chloro-4-(methylsulfonyl)-3-[(2,2,2-trifluoroethoxy)methyl]benzoyl]-1,3-cyclohexanedione 
carfentrazone X,2-dichloro-5-[4-(difluoromethyl)-4,5-dihydro-3-methyl-5-oxo-1H-1,2,4-triazol-1-yl]-4-fluorobenzenepropanoic acid 
fluthiacet-methyl [[2-chloro-4-fluoro-5-[(tetrahydro-3-oxo-1H,3H-[1,3,4]thiadiazolo[3,4-a]pyridazin-1-ylidene)amino]phenyl]thio]acetic 
acid 
acetochlor 2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide 
acetochlor 2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide 
acifluorfen 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoic acid 
atrazine 6-chloro-N-ethyl-N9-(1-methylethyl)-1,3,5-triazine-2,4-diamine 
2,4-DB 4-(2,4-dichlorophenoxy)butanoic acid 
bentazon 3-(1-methylethyl)-(1H)-2,1,3-benzothiadiazin-4(3H)-one 2,2-dioxide 
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